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Double-shell composite microcap-
sules were synthesized.
Mechanical property and leakiness
of the microcapsules were character-
ized.
SEM, TEM, GC and micromanipula-
tion techniques were employed.
The strength and leakiness of the
microcapsules could be engineered
separately.
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a b s t r a c t
Double-shell composite microcapsule with a ripened CaCO3 nanoparticle outer shell and melamine
formaldehyde (MF)/copolymer inner shell shows advantages in adjustable permeability and mechanical
strength, comparing with single shell microcapsules. Here, we have systematically studied the effects
of certain formulation parameters on the properties of the double-shell composite microcapsules, i.e.
the MF cross-linking time and the concentration of the aqueous CaCl2 and Na2CO3 used for the ripen-eywords:
icrocapsule
ickering emulsion
omposite
ing process of CaCO3 nanoparticles. The properties of the microcapsules such as average diameter, wall
thickness, degree of wall formation formed by the ripened CaCO3 nanoparticles, nominal rupture stress
and leakiness were characterized.
© 2013 Elsevier B.V. All rights reserved.
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Calcium carbonate is a natural shell material. It is non-toxic,
stable, biocompatible and strong [1]. Therefore, in nature it is able
to act as a physical barrier in shells to protect organisms from
the environment, while allowing the gas and nutrient exchange
through the shell. Biomimetic core–shell structured microcapsules
have been developed to encapsulate active ingredients to pro-
tect them from an external environment [2–4]. Recently, calcium
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Table 1
Microcapsules batches 1–6.
Batch no. Reaction time (h) Concentration of CaCl2 (aq)
and Na2CO3 (aq) (M)
1 4 1.5
2 8 1.5
3 4 0
4 24 1.0
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arbonate has attracted considerable attention for making walls
f microcapsules due to its biocompatibility and pH triggered
elease mechanism [5,6]. Thomas et al. [7] have utilised a mem-
rane technique toprepareCaCO3 microcapsules, creatingapseudo
ater-in-oil-in-water emulsion system to precipitate calcium car-
onate at the oil–water interface. The preparation of hollow CaCO3
icrospheres is also an active ﬁeld [8–10]. Such CaCO3 microcap-
ules and microspheres have been used in a variety of industrial
roducts, especially in biological applications [11–13]. However,
he calcium carbonate wall possesses greater porosity when com-
ared toorganicwallmaterials [14,15],which limits its applications
n encapsulation of small molecules.
We have previously introduced a methodology of form-
ng double-shell composite microcapsule with a ripened
aCO3 nanoparticle outer shell and melamine formaldehyde
MF)/copolymer inner shell to reduce the permeability [16]. As the
echanical properties and leakiness are two essential parameters
f microcapsules in many applications. For different uses the
echanical strength and leakiness of microcapsules are always
eeded to be increased or decreased in order to meet the speciﬁc
emands. In this paper, we made a systematic study of the effect
f CaCO3 nanoparticulate ripening process and MF cross-linking
eaction time on the following physical properties of the micro-
apsules: wall thickness and completeness, nominal rupture stress
nd leakage of core oil, in order to manipulate the mechanical
trength and leakiness of the microcapsules accordingly.
. Materials and methods
.1. Materials
The core oil is a typical organic blend of various fragrant compo-
ents which has a relatively low solubility in water and is used in
onsumer products. MF precondensate (70% (aq), w/w, formalde-
yde to melamine molar ratio 0.20) was supplied by British
ndustrial Plastics Ltd., Birmingham, UK, formaldehyde (37% (aq),
/w) was supplied by Sigma–Aldrich, UK. Poly(acrylamide–acrylic
cid, sodium salt) was supplied by Polymersciences, Inc., US and
aCO3 nanoparticles were supplied by Omya, UK. All chemicals
ere used without further puriﬁcation.
.2. Preparation of ripened double shell composite microcapsules
An aqueous solution of MF precondensate (2.50 g) and copoly-
er (0.58 g, poly(acrylamide–acrylic acid, sodium salt) in water
70mL) was stirred (400 rpm) with a Rushton turbine (31mm, in a
esselwith standardconﬁguration) for105minatpH4 (adjustedby
cetic acid (1M),monitored by a pHmeter) to formpre-crosslinked
F precondensate and copolymer. The core oil (9.3 g) was added
o an aqueous CaCO3 nanoparticle dispersion (40mL, 10% wt) and
tirred using a homogenizer (Silverson Machines Ltd.) at a speed of
500 rpm for 3min to forman o/w emulsion. To the resulting emul-
ion, aqueous CaCl2 (10mL) and Na2CO3 (10mL) (1.0, 1.5 and 2.0M
or batches 4, 5 and 6 (Table 1), respectively)was added via a pump
ystem (Model 101U, Water Marlow, UK) over 15min, and stirredochem. Eng. Aspects 433 (2013) 30–36 31
for another 10min at a speed of 400 rpm. To the resulting aqueous
dispersion, the pre-crosslinked MF precondensate and copolymer
solution was then added via a pump system (Model 101U, Water
Marlow, UK) over 10min, and the pH was raised to 6.0 with the
addition of aqueous NaOH (1M, monitored by a pH meter). The
resulting dispersion was stirred at a speed of 400 rpm at 65 ◦C for
4, 8, and 24hours for batches 1 and 3, 2, and 4–6, respectively, and
was allowed to cool to room temperature. The exact conditions for
producing the double shell composite microcapsules batches 1–6
are listed in Table 1.
2.3. Environmental scanning electron microscopy (ESEM)
Environmental-SEM (FEI/Philips XL30 ESEM-FEG, Philips, UK)
with an operating voltage shown in images was used to study the
morphology of the microcapsules. Samples were operated in high
vacuum mode.
2.4. Transmission electron microscopy (TEM)
Transmission Electron Microscopy (JEOL 1200EX, Jeol Ltd., UK)
operating at 80eV was used to examine the structure and thick-
ness of the microcapsule wall. Microcapsules were embedded
in LR white hard grade acrylic resin, and the ultra thin sec-
tions (90–150nm) were obtained by using an ultracut microtome
(Reichert-Jung), see below.
2.4.1. Sampling by ultra-microtome
Themicrocapsuledispersions (2mL)were centrifugedat a speed
of 500 rpm for 3min, and the supernatant liquid was separated.
Gluteraldehyde (2mL) was added and the microcapsules were
re-dispersed by gently shaking the vial manually. The resulting
microcapsule dispersions were stored for 1h to harden the outer
shell of the microcapsules by cross-linking the microcapsule wall
with gluteraldehyde, and centrifuged for 3min at 500 rpm. The
supernatant liquid (excess gluteraldehyde) was separated, and a
solution of ethanol and water was added (1:1 volume ratio, 2mL in
total), and shaken by hand. The resulting mixture was centrifuged
again at 500 rpm for 15min, and the supernatant ethanol/water
mixture was separated. The ethanol/water process was repeated
four times, but with ethanol/water of 70:30, 90:10, 96:4 (volume),
and ﬁnally the microcapsules were suspended in absolute ethanol.
The resulting microcapsules dispersion was centrifuged again at
500 rpm for 15min, and the supernatant liquid (excess absolute
ethanol)was decanted. To themicrocapsule slurrywas added abso-
lute ethanol and LR white resin (1:1, 2mL), and the microcapsules
were re-dispersed by gently shaking the vial manually. The result-
ing mixture was put on a rotator at a speed of 4 rpm. After ∼3min
the microcapsules were displaced to the bottom of the vial, and
rotating continued for a total of 3h. The supernatant ethanol/resin
solution was separated. 100% of LR white resin (2mL) was added to
the resulting microcapsule slurry, before they were rotated again
at 4 rpm for 12h, and the microcapsules were separated from the
supernatant. Two beam capsules (15mm×5mm) were ﬁlled to
the top with the air free LR white resin (2mL). The separated
microcapsules were added to each resin ﬁlled beam capsule. The
microcapsules settledon thebottomof thebeamcapsules. Themix-
ture was heated (60 ◦C) under vacuum for 30min, then left to cure
for 48h at 60 ◦C, affording a polymerized resin-microcapsule block.
The resulting block was secured into a REICHERT-JUNG ultramicro-
tome apparatus and themicrocapsule endwas trimmed to sections
of thickness 90–150nm. The gold coloured sections were placed on
carbon coated grids (G2500C, 2mm×1mm slot, copper, 3.05mm)
ready to be examined by TEM. The wall thicknesses of microcap-
sules were measured from the analysis of their TEM images of the
ultra microtome sections.
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Scheme 1. Schematic diagram of the formation of the double-shell composite microcapsules. (a) o/w Emulsion stabilized by CaCO3 nanoparticles was formed by emulsifying
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.5. Calculation of the wall thickness and degree of wall
ompleteness of the ripened CaCO3 nanoparticles from TEM
mages
The wall thickness for each microcapsule was obtained by mea-
uring 30 different parts of the microcapsule wall from the TEM
mage, and taking the average value. For each batch, 30 microcap-
ules were measured. The degree of completeness of the ripened
aCO3 nanoparticles of the double-shell composite microcapsules
as calculated from an image analysis software (Image J, National
nstitutes of Health, USA) on the ultra microtome TEM images, by
sing the sumof the smallest perpendicular distance between each
isconnected piece of thewall, subtracting this value from the total
all perimeter, and dividing by the total wall perimeter. For each
atch, 30 microcapsules were measured.
.6. Leakiness measurement
The microcapsules were ﬁltered from the original aqueous
ispersion, and re-dispersed in deionized water (50mL). To the
esulting aqueous dispersion (batches 1–6), hexane (30mL) was
dded and stirred for 10min and then stopped. A hexane aliquot
1L) was removed and analysed by gas chromatography (GC).
urther aliquots (1L) were removed at various time intervals
etween 1 and 24h, prior to which the dispersion was stirred for
0min.
.7. Size analysis
Mean particle size and size distribution of the microcapsules
n aqueous dispersions were evaluated by a laser diffraction
echnique (Mastersizer 2000, Malvern Instruments Ltd., UK). The
easurements were carried out using a Helium–Neon laser with a
easurement range of 0.05–900mconnected to a sample disper-
ionunit. Experimentswereperformedat25 ◦C. Themeandiameter
nd size distribution of microcapsules were the average value of
ve measurements.
.8. Micromanipulation
The mechanical properties of the microcapsules were deter-
ined by micromanipulation. A glass probe with a diameter of
0m mounted on a force transducer (Model 405A, Aurora Scien-
iﬁc Inc., Canada) was positioned perpendicular to the glass slide.
he microcapsules in aqueous dispersions were dried on the glass
lide, and observed through side and bottom-view cameras. A sin-
le microcapsule was compressed by the glass probe travelling
t 2ms−1. The voltage output generated by the transducer due
o compression of the microcapsule was recorded through a data
cquisition card in a personal computer. From the sensitivity of the
ransducer, the voltage was converted to force; hence the rupture
orce of themicrocapsulewas determined. Details of this technique
re described elsewhere [17].nd Na2CO3 (1.0/1.5/2.0M) into (a) to form the ripened o/w emulsion stabilized by
the addition of pre-crosslinked MF and copolymer into (b), and heated at 65 ◦C for
3. Results and discussion
3.1. Synthesis
The double-shell compositemicrocapsuleswere prepared using
a method based on in situ polymerization of MF with a copoly-
mermigrating though the interstice of the ripened CaCO3 shell, and
polymerizing at the oil–water interface inside the ripened CaCO3
nanoparticulate shell. The synthesis is illustrated in Scheme 1.
Core oil was mixed with the aqueous CaCO3 nanoparticulate dis-
persion to form the o/w emulsion followed by the addition of
equivalent amount of aqueous CaCl2 and Na2CO3 (1.0, 1.5 and
2.0M, respectively) to ripen the CaCO3 nanoparticles. Finally, the
pre-crosslinked MF precondensate and copolymer formed by mix-
ing theMFprecondensate and copolymer (poly(acrylamide–acrylic
acid, sodium salt)) in water for 105min at pH 4.3 were added to
the resulting ripened CaCO3 nanoparticulate aqueous dispersion,
which was heated at 65 ◦C for 4, 8 and 24h, respectively. Batches
1–6 were prepared as detailed in Table 1.
3.2. Wall thickness and degree of wall completeness
The wall thickness and degree of wall completeness formed by
the CaCO3 nanoparticles for batches 1–6 microcapsules were eval-
uated and studied from the TEM images of the ultra-microtome
sections, as shown in Fig. 1. As one might expect neither the
outer CaCO3 wall thickness of the double-shell composite micro-
capsules (402±36, 406±41 and 410±47nm for batches 1, 2 and
5, respectively (Fig. 2)) nor the degree of wall formation formed
by the ripened CaCO3 nanoparticles (92.9±0.5%, 93.0±0.5% and
93.3±0.4% for batches 1, 2 and 5, respectively) is signiﬁcantly
affected by the MF cross-linking reaction time. However, during
the ultra-microtome sampling, some parts of theMF polymer inner
wall were detached from the outer CaCO3 nanoparticluate wall.
The detachment allowed us to measure the MF wall thickness as
a function of reaction time. The wall thickness of the MF polymer
increased from 129±2.5nm (batch 1, 4 h) to 160±3.1nm (batch
5, 24h) when the MF cross-linking time increased from 4 to 24h.
Previous studies on the kinetics of the MF polymerization reaction
showed that the polymerization mainly took place during the ﬁrst
2–3h of the reaction [18,19], which is in agreement with our result
that the wall thickness does not increase much as the cross-linking
time increased from 4 to 24h. Prolonged reaction time produces
more cross-linkednetwork, and consequently results smaller pores
on the wall [20].
A signiﬁcant increase in the CaCO3 wall thickness from
360±41nm(batch4) to 580±48nm(batch6)wasobservedwhen
the concentration of aqueous CaCl2 and Na2CO3 increased from 1.0
to 2.0M (Fig. 2). However, the degree of wall formation formed by
the ripened CaCO3 nanoparticles remained unchanged (batch 4–6,
∼93%), so did the inner MF/copolymer wall thickness (batch 4–6,
∼160nm). In addition, by ripening the CaCO3 nanoparticulate wall,
theCaCO3 wall thickness increased from210±21 (batch3, 0M)nm
Y. Long et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 433 (2013) 30–36 33
of the
t
n
b
c
b
o
t
l
C
r
g
N
n
h
bFig. 1. Wall thicknesses and the degree of wall completeness
o 402±36nm (batch 1, 1.5M), and the degree of wall complete-
ess increased from 88.5±0.7% to 92.9±0.5%. This increase from
atch 3 to batch 1 is as expected due to the CaCO3 ripening pro-
ess, that theaqueousCaCl2 andNa2CO3 formedCaCO3 ﬁlls thegaps
etween the original CaCO3 nanoparticulates outer shell. Analysis
f Fig. 1 batches 4, 5 and 6 in which increasing the concentra-
ion of CaCl2 and Na2CO3 were added during the ripening process,
eads us to propose the growth mechanism of the nanoparticulate
aCO3 wall as follows. There are threeways inwhich thewall could
ipen. We can imagine that the CaCl2 and Na2CO3 solution nucleate
rowth on the surface of the CaCO3 nanoparticles, or the CaCl2 and
a2CO3 forming particulates in the solution and depositing on the
anoparticulate CaCO3 wall. Also, the CaCO3 ripening process could
appen as a combination of both two types. In this study, revealed
y the TEM images (Fig. 1), the CaCO3 wall ripening process is moreripened double-shell composite microcapsules batches 1–6.
likely to be the combination of both CaCO3 particle growth and
deposition.
3.3. Average diameter and distribution
The average diameter and distribution of batches 1–6 are mea-
sured by laser diffraction and the results are graphically presented
in Fig. 3. It shows that the average diameters for batches 1–6 are
∼14m. All 6 batches show bimodal distributions centered on
1–2mand13–15m.Theﬁrstpeak (centeredon1–2m) isprob-
ably due to small melamine formaldehyde particulates formed at
elevated temperature during the MF cross-linking process [21,22]
combined with the solid CaCO3 nanoparticles that were not con-
tributing to the wall formation process. As we know that in a
pickering emulsion system, the diameter is mainly determined by
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Fig. 4. Typical force vs. probe moving distance curve obtained by compressing oneig. 2. CaCO3 Wall thickness andnominal rupture stress for the ripeneddouble-shell
omposite microcapsules batches 1–6.
he emulsifying speed, oil/water ratio, and the amount of particles
sed in theemulsiﬁcation stage. This is in agreementwithour result
hat neither theMF cross-linking timenor the CaCO3 wall thickness
ffects the stability of the initial droplet formed during the emulsi-
cation step. Hence, the average diameter and size distribution are
ot changed.
.4. Mechanical properties
The mechanical properties of batches 1–6 are evaluated using
he micromanipulation technique. A typical relationship of the
orce imposed on a single microcapsule as a function of the probe
oving distance is shown in Fig. 4 for a batch 1 microcapsule. After
oint I the probe touches the microcapsule, and the force imposed
n the microcapsule increases until point II at which the micro-
apsule ruptures. As a result, the force drops to point III. The probe
ontinues to compress the debris of the microcapsule (III–IV) until
t touches the slide at point IV, afterwhich the force increases as the
robe pushes onto the slide. From this curve, the rupture force of
he microcapsule can be determined (point II). The displacement at
upture (ıR) is denoted as the distance that the probe travels from
ontact with microcapsule until rupture. The deformation at rup-
ure is calculated using Eq. (1) (d= initial microcapsule diameter),
nd the nominal rupture stress is calculated using Eq. (2) as shown
elow, where FR is the rupture force (point II).eformation at rupture (%) = ıR
d
× 100 (1)
ig. 3. Average diameter and size distribution of the ripened double shell composite
icrocapsules batches 1–6.of the microcapsules in batch 1; I: probe/microcapsule contact, I–II: microcapsule
compression, II:microcapsule ruptured, III-IV:probecompressing thebrokendebris,
IV: probe touching the glass slide.
Norminal rupture stress = FR
(d/2)2
(2)
The nominal rupture stress and wall thickness for all the 6
batches are presented in Fig. 2. The deformation at rupture for
all 6 batches are indeterminate of altering the CaCO3 nanopar-
ticulate ripening process or the MF cross-linking reaction time,
as all microcapsules deformed by ∼7.5% at rupture. However, the
nominal rupture stress increased from 0.22±0.05 (Batch 4) to
0.91±0.07MPa (Batch 6, Fig. 2) when the concentration of CaCl2
and Na2CO3 increased in the CaCO3 nanoparticulate ripening pro-
cess (line 1). Also, we can see that the increase in nominal rupture
stress follows closely the increase in wall thickness of the CaCO3
outer wall. There is a slight increase of nominal rupture stress from
0.49±0.06 to 0.65±0.09 when MF cross-linking time increased
(line 2). However, when taking errors into consideration, we can-
not safely conclude that prolonged cross-linking of MF enhanced
thenominal rupture stress of themicrocapsules.Hence,wepropose
that the rupture stress is dominantly contributed by the inorganic
CaCO3 outer shell [16]. The displacement at rupture, rupture force
and nominal stress at rupture as a function of diameter for batch 6
microcapsules are plotted, and are shown in Fig. 5a–c, respectively.
It was observed that for the same type of microcapsules, the dis-
placement at rupture (Fig. 5a) and rupture force (Fig. 5b) increase as
the diameter of the microcapsules increases. In contrast, the nom-
inal stress at rupture (Fig. 5c) decreases as the particle diameter
increases. The stress at ruptureof themicrocapsulesmaybedirectly
related to their rupture behaviour in processing equipment. Larger
microcapsuleswere found to rupturemore easily than smaller ones
in the previous studies [23]. Similar trends are also seen in micro-
capsules 1–6 (Please ﬁnd the micromanipulation data for batches
1–6 in the supporting information S1, S2 and S3).
3.5. Leakiness
The leakiness of the 1–6 microcapsules was monitored over a
period of 24h and the results are plotted in Fig. 6. It can be seen
that the unripened double-shell microcapsules (Batch 3) has a
much larger leakiness (0.15±0.011%) after 24h in comparisonwith
the ripened double-shellmicrocapsules (0.047±0.002%) (Batch 1).
However,when the concentrationof theaqueousCaCl2 andNa2CO3
in the ripening process increased from 1.0 to 2.0M, the leakiness
of the microcapsules only decreased from 0.052±0.001% (batch
4) to 0.045±0.001% (batch 6). We found this leakiness result cor-
relates well with the wall structure, that the higher leakiness of
the unripened microcapsules might be resulted from their lower
Y. Long et al. / Colloids and Surfaces A: Physic
Fig. 5. Displacement at rupture vs. diameter, rupture force vs. diameter, and
nominal stress at rupture vs. diameter for the ripeneddouble shell compositemicro-
capsules batch 6.
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degree of completerness of the wall compare to the ripened ones.
The less reduction in leakiness between the ripened microcap-
sules batch 4–6 might be due to their very similar completeness
of wall (∼93%). Nevertheless, when the MF cross-linking reac-
tion time is increased from 4 (batch 1) to 24 (batch 5) hours,
the leakage of the ripened double-shell composite microcapsules
decreased (from 0.095±0.002% to 0.047±0.001%). This decrease
in leakage is probably due to the formation of a thicker and more
compact MF polymer wall (Fig. 1, batch 1 and 5) resulting from the
longer cross-linking reaction time. The leakage behaviour indicates
that increasing the organic MF/copolymer inner wall thickness and
compactness is a more effective way for preventing the oil leakage
than further increasing the thickness of CaCO3 outer shell.
4. Conclusion
We have successfully prepared ripened double-shell compos-
ite microcapsules with an organic MF/copolymer inner shell and
an inorganic ripened CaCO3 nanoparticulate outer shell. It was
found that by ripening the CaCO3 outer shell, the completeness
of the microcapsules wall increased, the nominal rupture stress
increased, and consequently the leakiness of themicrocapsuleswas
reduced. Hence, ripening process is a signiﬁcant step for improving
the mechanical and physical stabilities of the double-shell com-
posite microcapsules. As we further adjust the concentration of
the aqueous CaCl2 and Na2CO3 in the ripening step to modulate
the wall thickness of the CaCO3 outer shell. We found that when
the CaCO3 wall thickness increased, the nominal rupture stress
increased, the leakiness remained unchanged. In contrast, the con-
centration of the aqueous CaCl2 and Na2CO3 increased leading
to the CaCO3 nanoparticulate ripening process, both the ripened
CaCO3 wall thickness of the microcapsules and the nominal rup-
ture stress of the microcapsules increased, and the leakiness of the
microcapsules decreased. When increasing the MF polymerization
time, the MF/copolymer inner wall thickness increased, resulting
in the decrease of the leakiness of the microcapsules. Therefore, we
conclude that the mechanical properties of the double-shell com-
posite microcapsules were dominated by the CaCO3 outer shell,
whereas the leakage of the microcapsules was primarily governed
by the MF inner shell. Thus, we now have a process whereby we
can engineer the strength of the microcapsules independently of
the leakiness.
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